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Introduction
Mammalian circadian rhythms in physiology and behavior are regulated by a central clock located in the hypothalamic suprachiasmatic nucleus (SCN) 1 .
It is widely accepted that the circadian oscillation is generated by an autoregulatory transcription and translation feedback loop consisting of the clock genes, Period (Per) 1, Per2, Cryptochrome (Cry) 1, Cry2, Bmal1 and Clock, and their protein products 2 . Cry1 and Cry2 double deficient (Cry1
-/-) mice exhibit aperiodic behaviors immediately after transfer from light-dark cycles (LD) to constant darkness (DD) 3 . In addition, rhythmic clock gene expression 4 and neural activity 5 are absent in SCN of Cry1 -/-/Cry2 -/-mice housed in DD. The 24 hour rhythms observed in behavior 3 and clock gene expression 6 in LD are interpreted to be driven extrinsically by light 3 . Nevertheless, some
Cry1
-/-/Cry2 -/-mice begin activity before dark onset in LD 7, 8 . Such pre-dark activities cannot be explained by extrinsic light effects and may reflect an underlying self-sustained circadian rhythm 7 .
Recently, robust circadian rhythms of PER2:LUC were demonstrated at the single cell level as well as at the tissue level of cultured SCN from neonatal
-/-/Cry2 -/-mice 9 . The tissue-level PER2::LUC rhythms damped out in several cycles but were restored by co-culture with a wild-type (WT) SCN, suggesting that a diffusible factor(s) supports synchrony of the SCN 9 . We also reported that the spontaneous neuronal firing in cultured SCN of neonatal Cry1 Research on Biological Rhythms P261). These findings are inconsistent with previous reports demonstrating a loss of circadian rhythms in clock gene expressions at both the cell 10 and tissue 11 levels of the cultured SCN in Cry1
-/-/Cry2 -/-mice. The discrepancy could be due to differences in the measures used 10 and/or the age of animals 11 .
The dual roles of cellular couplings in the SCN are emphasized in the expression of circadian rhythms: synchronization and reinforcement of the cellular circadian rhythms 10, 12 . There is some evidence that the cellular coupling in the SCN differs between neonatal and adult mice. For example, responses of gene expression rhythms to medium exchange 13 and tetrodotoxin (TTX) 10, 14 , a sodium channel blocker, are greater in the neonatal SCN than in the adult. In vivo, the neonatal SCN is more sensitive to non-photic time cues than the adult SCN as highlighted by the entrainment to maternal rhythms 15, 16 . These findings suggest that the cellular coupling that allows rhythm synchrony in the SCN changes during postnatal development. However, the mechanisms of cellular couplings are still poorly understood.
During pre-and postnatal development, the SCN changes physiologically as well as morphologically. The numbers of synapses and astrocytes increase rapidly during the early developmental period and apoptotic neuronal death occurs in the SCN from the late embryonic days through 5 postnatal day 6 (P6) 17, 18 . Furthermore, immunostained calcium binding protein in the SCN decreases during the postnatal period 19 . These changes may influence the cell networks of the SCN, and alter the cellular couplings for rhythm synchrony.
In the present study, we aim to understand roles of CRYs in the expression of SCN circadian rhythms in different physiological functions and at different stages of postnatal development. and S4).
Circadian rhythms in spontaneous firing in SCN slices
To confirm circadian rhythms with a functional measure in addition to the gene expression, spontaneous firing in single neurons of neonatal Cry1
-/-SCN slices were continuously measured for at least 10 days on a MED ( Fig. 2 and Supplementary Fig. S5 ). Chi-square periodogram revealed significant circadian rhythms (p<0.01) in all neurons examined from the control and Cry1 (Fig. 2b, f) . The circadian rhythms were well synchronized to each other in both genotypes (Fig. 2d, h and Supplementary Fig. S5d ), and the synchronization was kept in Cry1 -/-/Cry2 -/-mice, even when the circadian period abruptly changed (Fig. 2g, h ).
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The features above were confirmed in 4 SCN slices for each genotype. (Fig. 3) .
The circadian rhythms in Per1-luc were less robust in Cry1
SCN neurons than in the control, whereas the spontaneous electrical firing 10 rhythms were indistinguishable between genotypes (Fig. 3a, b) . The raster plots together with the 24 h group profile revealed that the rhythm synchrony was disrupted in Per1-luc (Fig. 3f) , whereas the synchronization was kept well in spontaneous firing (Fig. 3j) 
Circadian rhythms in isolated SCN cells in dispersed culture
The 
TTX desynchronizes cellular circadian rhythms in neonate SCN
The contribution of synaptic interaction to the coupling of cellular /Cry2 -/-mice did not exhibit circadian rhythms at the tissue level when co-cultured with a graft cortex harvested at P7 (Fig. 7a) . In contrast, co-culture of a graft WT SCN obtained at P1 or P7 restored robust rhythmicity in the mutant host (Fig. 7a) . Less prominent but significant circadian rhythms were also detected when co-cultured with a graft Cry1 -/-/Cry2 -/-SCN obtained at P7 (Fig. 7b) . Circadian rhythms of low amplitude were detectable in 15 some SCN slices co-cultured with graft WT SCN harvested at P14 or P21. The mean circadian amplitude during the co-culture was significantly higher with a graft WT SCN harvested at P1 and P7 than that with a graft WT cortex at P7 (Fig. 7c) . The amplitude decreased substantially with graft WT SCN at P14 and P21 as compared with that at P7.
Discussion
The most striking finding in the present study is that the circadian 
/Cry2
-/-mice was significantly shorter than in the control ( Fig. 3 and Supplementary Fig. S1 ). These findings indicate that the cellular circadian rhythms are also affected to some extent by CRY double deficiency.
Co-culture of neonatal SCN from WT mice restored the circadian rhythm of PER2::LUC in the adult Cry1 (Fig. 7) . Less robust circadian rhythms were also restored by co-culturing with SCN harvested at P7 from . This is a possible mechanism which links CRY double deficiency to a failure of development of cell networks for synchronized rhythm expression in the adult SCN.
Substantial differences in the circadian rhythms were observed between
Per1-luc and PER2::LUC at both the cell and tissue levels (Figs. 1, 3 , and Supplementary Fig. S7 ). These differences are unlikely to be due to the difference in the reporter system used. This is because in the control mice, the developmental changes are essentially the same for both measures, while in Parameters of the circadian rhythm in spontaneous firing were more similar to PER2::LUC than to Per1-luc rhythms in both genotypes (Fig. 3) . The firing pattern of the SCN neuron was reported to differ between the cells which expressed Per1-GFP and those which did not 26 . These findings suggest that the cell networks of the SCN differ for the cell populations expressing Per1-luc and PER2::LUC. Different cell networks may build up different regional pacemakers of different function as suggested previously 27 .
We conclude that the cellular couplings that are responsible for the expression of coherent circadian rhythms differ in the neonatal and adult SCN in mice. The cellular couplings for rhythm synchrony are relatively independent of CRY1/CRY2 in the neonatal SCN, whereas dependent on these molecules in the adult SCN. CRY1/CRY2 is involved in the development of cell networks from the neonatal type to the adult. Fig. S2 ).
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Methods
Animals
Cry1
Dispersed SCN cell culture
Four to eight paired SCNs from 2-5 day old pups were dissected from coronal hypothalamic slices of 400 μm thick and then treated together with trypsin as described previously The numbers of animals used for culture in the present study are summarized in Supplementary Table S1 . 
Measurements of circadian rhythms
Simultaneous recordings of bioluminescence and spontaneous firing from an SCN slice
The SCN slice of a 2-5 day old pup was cultured on a MED which was placed in a mini-incubator installed on the stage of a microscope (ECRIPSE TE2000-U, ECRIPSE E1000, Nikon). The culture conditions were the same as 
Data analysis
Bioluminescence signals from single cells were analyzed using Aquacosmos software (Hamamatsu Photonics) or Cellcycle (Actimetrics) as previously described 29 . Bioluminescence records of the first 12 h were excluded from the rhythm analysis because of extremely high initial levels of bioluminescence.
The raw bioluminescence data were smoothed using a 3 point moving average method. The bioluminescence data and firing records were detrended 
Statistics
The group mean is presented as the mean ± SD. T-test or F-test was used when two independent group means were compared, and Mann-Whitney 
